Parity is a fundamental discrete symmetry of nature 5 , conserved by gravitational, electromagnetic and strong interactions 6 . It states the invariance of a physical phenomenon under mirror reflection. Our world is pervaded by robust discrete asymmetries, spanning from the imbalance of matter and antimatter to the homo-chirality of DNA of all living organisms 7 . Their origin and stability is a subject of active debate.
Quantum mechanics predicts that asymmetric states can be the result of phase transitions occurring at zero temperature, named in the literature as quantum phase transitions (QPTs) [1] [2] [3] . The breaking of a discrete symmetry via a QPT provides also asymmetric states that are particularly robust against external perturbations. Indeed, the order parameter of a continuous symmetry breaking QPT can freely (with no energy cost) wander along the valley of a "mexican hat" Ginzburg-Landau potential (GLP) by coupling with gapless Goldstone modes 8 . In contrast, the order parameter of discrete symmetry-breaking QPTs is governed by a one dimensional double-well GLP 9 . The reduced dimensionality suppresses Goldstone excitations and the order parameter can remain trapped at the bottom of one of the two wells. This provides a robust hysteresis associated with a first order QPT.
Evidences of parity symmetry breaking has been reported in relativistic heavy-ions collisions 10 and in engineered photonic crystal fibers 11 . Observation of parity symmetry breaking in a QPT has been reported for neutral atoms coupled to a high-finesse optical cavity 12 . However this a strongly dissipative system with no direct access to the symmetry breaking mechanism necessary to study the robustness of asymmetric states. In addition, previous theoretical studies 13, 14 have interpreted the puzzling spectral properties of a gas of pyramidal molecules that date back to the 50s 15 , in terms of the occurence of a QPT with parity symmetry breaking.
In the present work we report the observation of the full phase diagram across a QPT where the spatial parity symmetry is broken. Our system consists of ultra-cold atoms trapped in a double-well potential 16, 17 where the tunable strength of the attractive interparticle interaction is the control parameter of the transition. Additional control of the energy mismatch between the two wells allows driving of discontinuous first order quantum phase transitions in the non-symmetric ordered part of the phase diagram and observation of an associated hysteretic behavior.
In our system the atomic ground state depends on two competing energy terms in the Hamiltonian
]Ψ(r) includes kinetic and potential energy, This forces the majority of atoms to localize randomly in one well or the other, see Fig 1a. The broken symmetry is characterized by a non-zero order parameter that, in our case, is the normalized atomic A one-dimensional GLP, which depends on a single real parameter, describes a phase transition with the breaking of a discrete symmetry as, for instance, the left-right symmetry in our case, or the spinup/spin-down symmetry in the paramagnetic-to-ferromagnetic transition 3 . In these systems, a controlled symmetry-breaking term (in our case provided by an energy gap δ between the two wells, see The full phase diagram where the interplay of the observed discontinuous (first-order) and continuous (second-order) QPTs is summarized in Fig. 4a . We identify the universality class of the parity-symmetry breaking QPT from the susceptibility measurement. A fit of χ as a function of the interaction strength Fig. 3 . The two fitting parameters are γ and α. We obtain a critical exponent γ = 1.0 ± 0.1, in agreement with the Ginzburg-Landau prediction γ = 1 (see Methods).
Therefore, our QPT belongs to the universality class of the Lipkin-Meshkov-Glick 19 model.
Discrete-symmetry models are characterized by metastability and hysteresis when driving the system across the first-order transition. Both follow directly from the 1D nature of the effective GLP. We notice that bifurcation and hysteresis are typical phenomena in the dynamics of systems governed by a nonlinear equation of motion 18, 20, 21 . In our system, the origin of hysteresis can be understood from the shape of the This work paves the way to the study of macroscopic quantum tunneling in the hysteretic regime in the context of the quantum-to-classical transition problem 22 . Furthermore it will also be possible to explore quantum criticality at finite temperature as consequence of the competition between thermal fluctuations and quantum correlations 24 . In addition it will be interesting to explore spontaneous symmetry breaking in gas mixtures as a function of the interspecies interactions 23 . Finally our system will allow investigation of the creation of entanglement at the critical points 4 as a resource for precision measurements 25 and other quantum technologies 26 . 5 ). We fit each histogram with the sum of two Gaussian distributions:
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with σ and n peak the width and height of both Gaussians and 2∆z the separations between the two Gaussians. In Fig. 2a , we plot for each interaction strength, the average of ∆z over all bin sizes. Errorbars is the standard deviation over all bin sizes.
Theoretical Model.
To theoretically model our system we consider a two-mode approach. We approximate the many-body wave function as 
We can perform a quantization of this Hamiltonian by replacing the conjugate variables z and φ with operators obeying the
, we obtain the one-dimensional Hermitian Hamiltonian
particle with z-dependent effective mass moving in a GL potential W (z) =g
Note that there are alternative approaches 30 leading to the same effective Hamiltonian H eff . In the thermodynamic limit (N → ∞, a s → 0, with g = N a s /a 0 finite), the effective mass diverges and the low lying eigenstates of H eff are strongly localized in the vicinity of the minima of the GL potential. A Taylor expansion around
. The quadratic potential forg > −1 becomes quartic wheng = −1, z 0 = 0 being its absolute minimum. Forg < −1 we have a bifurcation and two symmetric minima appear
The degeneracy between stable points for positive and negative values of z is lifted by an energy gap between the two wells. This is introduced by adding the term δz to the GL potential.
The stable and metastable points are searched as the minima of W (z) + δz, providing the equatioñ
Forg > −1, the stable points at small δ can be found by linearizing Eq. (S.1). We obtain z 0 = −δ/(g + 1)
and thus a susceptibility χ = | 
